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Abstract —This paper introduces the novel current control 
strategy of interior permanent synchronous motor (IPMSM). 
The current control scheme consists of the improved auto 
disturbance rejection control current regulator and the modified 
transition rules. The decoupling, linearizing and anti-windup 
control is realized simultaneously by disposing the 
cross-coupling effects as the disturbances. Combining the 
modified transition rules with the reference output voltage of the 
current regulator, the smooth transitions are achieved when the 
different control modes are switching. Test results are given to 
verify the validity of the proposed method. 

Index Terms —Anti-windup control, auto disturbance 
rejection control (ADRC), decoupling control, interior 
permanent magnet synchronous motor (IPMSM). 


Based on the conventional proportional-integral-derivative 
control technique, modern control theory and nonlinear 
control mechanisms, auto disturbance rejection control 
(ADRC) theory is developed [12]-[13]. 

This paper presents a novel discrete-time ADRC-based 
current controller and the transition rules. The ADRC current 
regulator is used to cancel the cross-coupling terms between 
d- and q-axis currents. By using the dynamic real-time 
feedbacks, the ADRC current regulator converts the nonlinear 
current model into linear one and eliminates the integrator and 
achieves the anti-windup control. Combining with the output 
of the ADRC current regulator, the modified transition rules 
uses the voltage modulation index to choose the control 
modes and achieve the smooth transition. The proposed 
method is used over the entire speed range. 


I. INTRODUCTION 

IPMSM is widely used in many industrial applications due 
to its high efficiency, high power density and particularly 
magnetic saliency increasing the power capability [l]-[3]. 
IPMSM drive is required to offer high efficiency operation 
over wide-speed ranges and fast torque response [4], In [5], a 
linear torque control strategy is used to utilize the reluctance 
torque and extend the maximum torque per ampere (MTPA) 
control in the constant torque region up to the entire 
field-weakening region i.e. constant power region. The both 
regions are separated according to the rotor speed. The 
change between the MTPA control and the field-weakening 
control is determined according to the rotor speed and virtual 
control bound. The current control, however, using 
conversional Proportional-integral (PI) control exists the 
cross-coupling effects and windup phenomenon. The fast 
dynamic response is poor. In [6], the high-performance 
current controller using the feedforward compensation PI 
regulator and voltage command compensation is proposed to 
improve the torque response. A nonlinear control ensuring 
maximum efficiency is proposed in [7] which cancelled the 
saturation dependent parameters such as d- and q-axis 
inductances and armature reaction dependent magnet 
inductances. In [8]-[ll], from the viewpoint of windup 
produced by the integral term in the PI current controller, the 
new field-weakening control is proposed to improve the toque 
response. The disadvantages of PI controllers limit the 
performance of the current regulation for IPMSM drive. 
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II. ADRC CURRENT CONTROL 


A. Mathematical model of IPMSM 


On the basis of assumptions that the stator windings 
generates sinusoidal magnetic field, air gap is uniform and 
saturation is negligible. With reference to synchronous 
rotating reference frame, the voltage and torque equations of 
an IPMSM may be expressed as follows: 


( 1 ) 


I" R s +pL d -oo r L q Ipdl r 0 
[ COL d -Rj+PAJL*?] L 
T e = P„(p f i q +PJL d —L q )i d i q (2) 

where, id and i q are d- and <y-axis currents; p equals d/df, u d and 
u q are d- and q -axis voltages; L d and L q are d- and <y-axis 
inductances; R s is resistance of the stator windings; <p f is 


amplitude of the flux; P„ is Number of pole pairs; T e is 
electromagnetic torque; w r is angular speed of the motor. 


The steady-state d- and q- axis voltage equations can be 
simplified from Error! Reference source not found, as 
follows: 


u ds = R s i d -a} r L q i q (3) 

u qs = + m , ( L d i d +<P f ) (4) 

For voltage-source-inverter-fed IPMSM drive, there exists 
an inverter output voltage limit and an output current limit. 
These constraints can be expressed as 

/ S =^+C ^ (5) 

U s =Ju 2 d +u 2 q <U sm (6) 

where I sm and U sm are the maximum output current of the 
inverter and the maximum phase voltage. 

when co r < co base , the maximum torque can be derived 


through the MTPA control strategy. For co r > to c , the 
maximum torque per ampere trajectory and voltage limit 
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ellipse have not an intersection point. When co base <eo r <co c , 
called first field-weakening region. 

When d- and q- axis currents are equal to zero, one can 
obtain the corresponding angular speed, w c : 


_ U sm 

<Pf 


(7) 


B. ADRC 

The ADRC consists of the tracking differentiator (TD), the 
nonlinear state error feedback (NLSEF), the extended state 
observer (ESO) [14], as shown Fig. 2. v is input signal; y is 
output signal; e 0 is error integral signal; ei is error signal; e 2 is 
error differential signal; u is controlled input; v, can 
approximate the input signal; v 2 is the differential signal of 
input signal; b is system parameter, zi and z 2 are observation 
of v i and v 2 . z 2 is the disturbance observer. 
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Fig. 1 the block diagram of ADRC 
C. ADRC current regulator 

From Error! Reference source not found., the d- and q- 
axis current mathematical models of IPMSM in the d-q 
reference frame is rewritten: 
f. . (O t L . M, 


(L d i„ +( P 


Let cross-coupling terms as the system uncertainties, the 
second-order ESO for i d is constructed as follows: 


i dX = f d + z d2 -P d \faK e d> a d i’8 d )-i - u d 


(9) 


[z d2 = -fi d2 f a l( e d > ot d 2 , S d ) 

where i d is actual measured value through coordinate 
transformation; z. d i is estimate of i d , z. d2 is estimate of w d ; /3 dl 
and P d2 are adjustable parameters which are determined by 
co r L a 


sampling time; f d =~i d 




( 10 ) 


The NLSEF of d -axis current is presented by: 
id = z d\ ~i*d 

d~k d fal (, a 0d , S 0d ) 
where i d is J-axis current reference, k d . is adjustable 
parameter. 


The control input u d for the IPMSM is expressed as: 
“d= L d[%d-(fd +Z d2j] ( 11 ) 

Substituting (12) into (9) yields 

i d =u 0d (12) 

The estimator of extended state is fed back to the control 
input via disturbance compensation which makes J-axis 
current model into a linear integral model. The <y-axis current 
regulator is the same with d-axis. 

m. TRANSITION RULES 

When rotor speed is less than or equal to base speed, the 
back-EMF is always less than the maximum output voltage of 
the inverter and the MTPA control is chose. When co r >co c , 
the field-weakening control is used. For co base < co r < ca c , if the 
back-EMF is less than or equal to U sm , the MTPA control is 
chose, or else the field-weakening control is chose. 

During high speed operation, co c is easily varied because 
of the rotor permanent magnet performance change and the 
available maximum voltage. Moreover, the voltage of 
batteries in application for EV has much amplitude of 
fluctuation. To smooth the transition between both control 
modes, the voltage of batteries is introduced to determine the 
choice of control modes combined with the base speed and the 
output voltage of the ADRC current regulator. The flowchart 
of the improved transition is shown in Fig. 5. 



Fig. 2 flowchart of transition of control modes 


IV. Results and discussions 
To verify the performances in terms of cross-coupling 
effects and current regulator saturation, d- and q -axis 
responses of the ADRC current regulator in field-weakening 
region is shown in Fig. 3 when the speed varies from 0 to 
3400rpm. The d- and <y-axis current responses can effectively 
follow the current commands. 

The transitions between both control modes in first 
field-weakening region are shown in Fig. 4. A step speed 
command of 3400rpm is applied to the IPMSM drive system. 
The load torque is lN-m. When the motor is accelerated 
below the base speed, the MTPA control mode is chosen to 
produce maximum torque. The corresponding d- and g-axis 
currents follow the i dm and i qm . When the motor speed is 
greater than the base speed, the smooth transition takes place. 
When the motor speed reaches the command speed 3400rpm 
and operates steady-state, the transition of control mode 
occurs again. The MTPA control mode is used. 

The ADRC current regulator can timely control the d- and 
g-axis currents to provide the maximum torque during 
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IPMSM acceleration. The transitions between the MTPA 
control to field-weakening control are smooth. 

4000rpm 



Fig. 3 Results of id and i q , when motor accelerating in 
field-weakening region. 



Fig. 4. Results of id and i q , in transition process of control 

mode under lighter load 

V. Conclusion 

This paper introduces the high efficiency current control of 
IPMSM and transition rules. The cross-coupling terms are 
regarded disturbances and the ADRC is used to estimate the 
disturbances. The estimators of the disturbances are 
compensated. The nonlinear current model is converted to 
linear integrator series one. The linear current model no 
longer contains the motor parameters such as inductances, 
stator resistance, electrical angular velocity and flux linkage. 
The results demonstrate that the ADRC current regulator 
realizes the desirable performance of the proposed method 
for wide-speed operation 
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